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1. INTRODUCTION

This is the Final Technical Report for the ten-year-long Office of Naval Rescarch
Contract Number NOOC14-77-C-0354 1o the University of North Carolina at Chapel Hill,
Dr. John M. Bune, Jr.,, Professor in the Marine Sciences Program, was Principal
Investigator for the entire coatract period, which began on 1 April 1977 and
terminated on 31 March 1987, Total award for this period was $1,039,448 30,  The
internal  account  number  at  the University of North  Carolina  began  as
1-0-110-3262-8D033 and was changed to become 5-0-110-3262-35706 about mid-way

through the contract  period.

This contract supported rescarch on the physical occanography of the Gull Stream,
which included several sub-projects (cach referred 1o hercin as a project). Each
project will be discussed individually below. Data and scientific results from the [irst
three projects have been documented in data reports, analyzed in graduate  student
theses, reported  at national and  international meetings, and/or published in referced
scientilic journals. A list of these is given for cach individual project.  Results from
the final project supported by this contract are discussed in detail, since they have
not  been completely  documented in reports  and  publications  yet, although some

presentations  at mecetings have been muade.

Projects A and B were conducted in collaboration with Professor David A, Brooks of the
Department of Occanography, Texas A and M University.  Additional funding f{rom the
National  Scicnce  Foundation's  Physical  Occanography Program  supported  this
participation, Project D was conducted in collaboration with Profesor D. Randolph
Watts, Graduate School of Occanography, University of Rhode lIsland. He  was
supported by the Physical  Occanography  Programs  of the Nuational  Science

Foundation and the Office of Naval Rescarch.

2. RESEARCH PROJECTS

A. A Theorctical Study of Topographic Rossby Waves Trapped over the

Continental Slope in the Gulf Stream  (Work began 1 April 1977)

Several theorctical models of subinertial waves propagating in the Gull Strcam  were
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developed during this project.  The barotropic model studied by Brooks (1978, 1979)
indicated that  southward propagating continental  shelf waves (CSW's) muay be
responsible for the subtidal sca level oscillations recorded at coastal stations along the
North Carolina coast. The more general, baroclinic (two-layer) model developed by
Bunce (1980) revealed a number of trapped-wave modes that may progress along the
continental  margin, and suggested that quasi-geostrophic  edge waves (QGEW's) and
complementary mode edge waves (CMEW's) arc also candidate mechanisms for causing
the coastal water {luctuations. A new frontal-trapped wave (FTW) was revealed in this
model, and is characterized by a band of large-amplitude current fluctuations along
the cyclonic stde of the Gulf Strecam and non-dispersive propagation. These
propertics are  similar to those of the large-amplitude meanders of the Stream
mecasurcd during the obsecrvational portion of the next project (section B below),
although  phase  speeds  differ. The continuously stratificd baroclinic  model
constructed by Luther and Bane {1980) also supports FTW's, as well as one CSW mode.
Strong mode-coupling in this model produces a family of dispersion curves which
demonstrates  the possibility of hybrid waves in the Gulf Strecam; that is, coupling of a
CSW and a FTW may give risc 1o a wave which appears 1o be a CSW over the continental
shelf, but also has large-amplitude motions in the Gulf Stream frontal zone typical of a
FTW. These stable wave studies lfed into our later theorctical investigations of unstable

wave motions in a baroclinic Gulf Strcam (under NSF sponsorship).
Results from this project were published as follows:

Journal Articles
Brooks, D.A., and I.M. Bane:  Gull Stream Deflection by a Bottom Feature ol Charleston,
South Curolina.  Science, 201(4362), pp. 1225-1226, 1978.

Buanc, JAM. Lee Topographic Rossby Waves in the Gulf Swrcam.  In: Symposium  on
Long Waves in the Ocean, Manuscript Report Sceries No. 53, National Rescarch Council
of Canada, pp. 173-180, 1979

Bane, LM and DAL Brooks:  Gull Stream Meanders along the Continental Margin from

the Flonda Straits 1o Cape Hatteras.  Geophys. Res. Letters, 6 (4), pp. 280-282, 1979,

Brooks, DA Coupling  of the Middle and  South  Atlantic Bights by Sca lLevel
Oallanions. J Physy Oceanogr 9, pp. 1304-1311, 1979,
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Brooks, D.A.:  Shelf Waves: Do They Modulate the Gulf Stream? In: Symposium on Long

Waves in the Oceuan, Muanwscript Report Series No. 53, National Rescarch Council of

Canada, pp. 162-172, 1979,

Bane, I.M., and Y. Hsuch: On the Theory of Coastal-Trapped Waves in an Upwelling
Frontal Zone. J. Phys. Oceanogr., 10(2), pp. 270-285, 1980.

Banc, J.Mu Coastal-Trapped and  Frontal-Trapped Waves in a Buaroclinic Western
Boundary Current.  J. Phys. Oceanogr., 10(10), pp. 1652-1688, 1980.

Technical and Data Reports
Brooks, D.A.: Long Wave Coupling of the Mid- and South Atlantic Bights Forced by the
Atmosphere. Texas A and M Univ. Report No. 79-3-T, 119 pp., 1979.

Notes and Published Abstracts

Banc, J.M.:  Baroclinic Topographic Rossby Waves in a Sheared, Baroclinic Western
Boundary Curreur. Trans. Amer. Geophys. Un., 58(12), p. 1158 (abstract). Paper
presented at the AGU Fall Annual Mecting, December 6, 1977,

Banc, J.M.: Gulf Stream Fluctuations along the Continental Margin: Observations and
Theory. Trans. Amer. Geophys. Un., 00(7), p. 90 (abstract). Paper presented at the AGU
Fall. Annual Mcecting, December 5, 1978,

Bane, J.M.: Density Fronts  in Coastal-Trapped Wave Models:  The Complementary
Mode. Ocean Modelling, 26, pp. 3-5, 1979.

Bane, JM. and D.A. Brooks: Gulf Strcam Mecanders along the Continental Margin from
the Florida Straits 10 Cape Haueras. Trans. Amer. Geophys. Un., 60c16), p. 205 (ab-

stract).

Luther, MEL and JM. Bance: Coastal-Trapped Waves in a Continuously  Stratified
Western Bounduary Current. Oceun Modelling, 25, pp. 6-8, 1979,

Luther, ME., and J.M. Bunce: Coastal-Trapped Waves in a Continuously  Stratified
Western Boundary Current. Trans. Amer. Geophys. Un., 60(36), p. B4R (absiract). Paper
presented at the AGU Full Annual Mecting, December 6, 1979,
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o Bane, J.M.: Coastal-Trapped and Frontal-Trapped Waves in a Baroclinic Western
. Boundary Current.  Trans. Amer. Geophys. Un., 61, p. 260 (abstract). Paper presented
) at the AGU Spring Mecting, Toronto, May 23, 1980.

2 Theses

. Du, Chen-San: Somc Aspects of the Theory of Topographic Rossby Waves in a
. Buroclinic Boundary Current. 1980, 65 pp.

.

2 Luther, Mark E.: Coastal-Trapped and Frontal-Trapped Waves in a  Continuously
. Stratificd Western Boundary Current. 1980, 77 pp.
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B. Observations of Topographic Rossby Waves and Gulf Stream Meanders
along the Continental Slope (Work began 1 April 1978)

The obscrvational phase of this project took place during calendar ycar 1979, The
core of the cxperiment consisted of four taut-wire moorings, which supported a total
of ten Aanderaa RCM-4 current meters.  The moorings were deployed over the 200 and
400 meter isobaths during the period from 16 January to 15 May, 1979, and again from
5 August to 17 November, 1979 (Figure 1). Shipboard hydrographic surveys were
made in the vicinity of the moorings during cach deployment and recovery cruisc.
Two scrics of AXBT flights were conducted to rapidly map the thermal structure in the
upper 400 meters of the Gulf Stream frontal zone between Savannah, GA, and Cape
Hatteras, NC.  Eight flights were made between 9 and 18 February, and five flights

were made between 21 and 29 November.

Two large-amplitude meanders were mapped during the February flights, with the
flight on 11 Fcbruary giving the best coverage of these events.  The temperature data
clearly show the skewed, wavelike meander patterns that were in the Stream, and the
filament of warm  Gulf Stream  water which trailed cach meander crest. [Notre: A
meander crest (trough) is taken to be the shoreward-most (seaward-most) excursion
of the Stream along one meander length.) The space-time views of these two
particular meanders are the most comprehensive that we obtained during the ficld
study  (Figure 2). A complete description is given in Bane, Brooks and Lorcnson
(1981),

An overview ol the combined theorctical and obscrvational results from the first two
projects may be scen by considering the frequency vs. wavenumber (period vs.
wavelengthy diagram in Figure 3. This is a composite plot of the observed
period-wavelength  points for the dominant sub-intertial motions that have bcen
observed  along  the  Cuarolina continental  margin, along with the theoretically
determined  dispersion curves for the stable, sub-inertial waves which may propagate
in that domain. The dispersion carves in the upper half of the dispersion diagram
were  calculated  with the  baroclinic model of Banc (1980), wusing the wintertime
Onslow  Bay topogzraphy/density/current  regime. Three types of waves are possible.

The  barotropic waves are continental  shelf waves (CSW) and  quasigeostrophic  edge

waves (QGEW), One  frontal-trapped  wave (FTW) ecxists, and has non-dispersive
propagaiion and  baroclinic velocity  structure. The three solid circles in the upper
T PR A UL ."-.’»,..—-... ‘e U _'-.’\J'vl‘u.{'-"b '-‘{” ,, ‘r 'h ‘! .‘ J'\-f\f“_‘- {
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Figure 1. Details of the moored array over the Onslow Bay upper continental slope,
which was in place for two four-month-long periods in 1979. Moorings A, B, C, and D
arc shown, along with the mean currents from measurements made between mid-
Junuary and mid-May of that ycur. Instruments at the top (T), middle (M) and bottom
(B) positons on the moorings are indicated.
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M Figure 2. An extensive, three-dimensional view of two large-amplitude Gulf Stream
iy mcanders  which progressed along the Carolina Continental Margin during February

' 1979.  These data, from our 11 February AXBT survey, demonstrate the skewness of this
Vo type of meander. A wurm filament trails each of the meander crests. The southern
f.:-:. filament has been  “sliced” through vertically revealing the shallowness of the
:: filament. and showing the dome of ¢ool water which has upwelled to fill the volume
.- between the upper slope and the main body of the Gulf Stream.
-"_;e
il
I‘ s

27

i
oAz
MO8
"‘-’
Y
2
DS

203 |
e
DN |
. |

T

7
'J':.'

.
a2 e
.

> o ™ A

(s



W““"w"" S

k Frequency
! A
N QGEW ,
5 1.2 p 1
N '
i pd
e
’ o
, <
» (&)
: <
< a
E O
0
o
3 =
<
o
“» 7
> a
o) =
D 92
p ¥ 5. Wavenumber
2 A
3] i O
a v o
g O
<
a
: o
a
a.
s
<
L
1
’_
(7))}
Z
P =
, . 1 ©
KEpY N T U , ' D
6281 157 79 52 ' =

34

Wavelength (km)

Figure 3. Frequency-wavenumber diagram  giving an  overview of the combined
theoretical and  observational results from  the tirst two projects. The dispersion
curves in the wupper half-planc are for the three coastal-trapped wave components
which may propagate along the continental margin past Onslow Bay in a typical
winterume density/current  regime  (after Bane, 1980). The wave components arc:
barotropic continental shelf waves (CSW), barotropic quasi-geostrophic edge waves
(QGEW), and baroclinic frontal-trapped waves (FTW). The frequency-wavenumber
points for fluctuations observed off Onslow Buy are denoted as follows: a, b and d are
coastal sca level oscillations, probubly duc to CSW's and QGEW's; the triangles ¢ and [
are large-amplitude Gulf Stream meanders and  smaller amplitude oscillations.
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P half-plane  (a, b, d) indicate the period-wavelength points for the subtidul coastal sca
s sth |
oy . . . . N .
,,.:{ level oscillations reported by Brooks (1978). The proximity of these points o the
[ . . .

dispersion curves for the fastest QGEW and CSW suggest that these modes are most
o likely responsible for the oscillations. Cross-shelf structure of the wave amplitude
:-:j. function for cach of these wave types shows a maximum ot the coastline, consisient
X with the observations.  Little interaction between these waves and the Gull Stream s
“ expected upstream of Cape Hatteras due to the rather wide continental shell (¢f. Bane,
o 1930).
:-‘,
L
¢
‘t: The period-wavelength  points  corresponding  to  the two  dominant  Gulf  Sircam
[, * . . . .

mecander types observed during the GSME are denoted by the solid triangles.  Triangle
o ¢ represents the more encergetic, large-amplitude meanders, such as the two described
,..' . . . )
RS in Bane, Brooks and Lorenson (1981).  These mceanders typically have periods near 8
.
:; Jdays and  wavcelengths of about 200 km. Triangle [ represents smaller  amplitude
o, G . . . )
é oscillations which have periods near 3 days and wavelengths near 100 km.  The time
g . . :
scries  and  the frequency spectra for the horizontal velocity component measured by
T the B-top instrument during the January-May period clearly show the signatures of
these two meander types (Figure 4).
‘s
*
A\ . "
7 Each meander type was obscrved to propagate in the northeastward, or "downstream’
P dircction.  Waves which fall in the shaded portion of the lower half-planc in Figure 3,
o as do the Gulf Stream meanders, have downstream phase speeds within the range of
K.~

the mean current spced.  This suggests the possibility of wave instabilities.  The

C

e skewness  of the large-amplitude wave meander patterns observed during the GSME
::::' also supgests a flux of energy between the mean and fluctuation energy  “partitions”
.:::l: in the Strcam (Brooks and Bane, 1981). The fact that the meander period-wavelength
‘."-' points  full into the shaded portion of the dispersion diagram also indicates the
importance of advection by the mean flow in the meander dynamics.  The lack of

significant correlation between Gulf Stream {luctuations  off Onslow Bay und  coastal
; sea level fluctuations, reported by Brooks and Bane (1981), suggests linde shell-wide
»; motion associated with the meander field.  Taken together, this implies that the typical
S5 topographic  Rossby wave modes found over continental shelves (c.g., CSW's and
f;:. QGEW's) arc probably not responsible for Gulf Stream meanders.  The FTW components
~. found in the theories of Buane (1930) and Luther and Banc (1980) scem to have
.s\‘

. structural  properties  similar o meanders but the propagational properties  dilfer.
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Figure 4b.  Speciral propertics of the 40 hour low pass filicred offshore (u) and
downstreram  (v) velocity components measured at the B-Top instrument during the

January-10-May 1979 mooring period (sce Figures 1 and 4a).  The most cenergelic
fluctuations  were  cight-day-period meanders, which  were  characterized by large
variations in the v component, The B-Top v spectrum (denoted  Y-Spectrum  here)

shows spectral pcaks at 8.0 days and 3.6 days. The cross phase of about -709 in the
0.10-0.18 cycle/day band shows that u Icads v by less than one quarter period, so the
large amplitude mecander velocity components ure not in quadrature. The 0.26-0.30 |
cycle/day band shows cross phase to be necur -909, implying a typical progressive
wive motion,
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The B-top instrument was moored at 250 meters depth over the 390 mcter isobath.  The
signatures ol several  large-amplitude mecanders  (corresponding  to  triangle ¢ in
Figure 3) consist of in-phase increases in alongshore velocity (v) and temperature
(T).  Two of the largest amplitude meanders passed B-top on 5 and 11 Fcebruary (sce
Figure 4da). These are the two meanders shown in Figure 2. Smaller amplitude
oscillations  (corresponding to triangle f in Figure 3) occurred in all variables
throughout most of the mooring period.  The February AXBT data revealed that only a
slight  mcander  pattern in the  subsurface temperature  ficld  accompanicd these

motions.

B-top time scries data suggest that periods of large-amplitude meander activity are
scparated by less encrgetic periods.  For cexample, no large-amplitude mecanders were
rccorded at B-top during the interval between 24 February and 27 March.  In an effornt
to study the cnergetics of the Stream during the mooring period, and to assess the
importance  of meanders in the cenergy transfer processes, the terms in the encrgy
cquation were calculated. Encrgy flux terms were calculated in two manners:  First,
fluxes were determined for the entire period.  Sccond, the records were divided into
four equal-length  scries and  fluxes calculated for cach of the approximately
month-long  periods. These calculations consistently indicate that cnergy is being
converted from meander kinetic cnergy (KE) and (available) potential energy (PE) 1o
mcan KE and PE off Onslow Bay. They also indicate that the mecanders play an
important role in the energy transfer processes.  The succeeding observational study
in the Gulf Strcam along the southeastern United States, described in section C below,
focused on the energy transfer processes and sought to dectermine the extensive

alongshore propagation and coherence of the meander ficld.

Results from this project were published as follows:

Journal Articles

Banc, J.M., D.A. Brooks, K.R. Lorenson, and C.M. Scay: Three-Dimensional View of a
Gulf Stcam Mecander between Savannah, GA and Cape Hatteras, NC.  Gulfstream, 6(5),
pp. 3-7, 1980.

Bance, J. M., D.A. Brooks, and K.R. Lorenson: Synoptic Obscrvations of the
Three-Dimensional  Structure  and  Propagation  of Gulf Strcam  Meanders along  the

Carolina Continental Margin.  J. Geophys. Res., 86(C7), pp. 6411-6425, 1981,
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Brooks, D.A. and J.M. Bance:  Gulf Strcam Fluctuations and Meanders over the Onslow

Bay Upper Continental Slope.  J. Phys. Oceanogr., 11(2), pp. 247-256, 1981,

Bane, J.M. (editor): Proceedings of the Workshop on Gulf Stream  Structure and

Vartability.  Univ. North Carolina Publication, 394 pp, 1982,

Brooks, D.A, and J.M. Banc: A Scasonal Comparison of Gulf Stream Fluctuations off

North  Carolina.  Proc. Workshop Gulf Stream Struc. Var.,, Univ. North Carolina, pp.
63-68, 1982,

Chew, F., J.M. Bane, and D.A. Brooks: The Propagation of a Cold-Dome Mcander: A
Conceptual NModel.  Proc. Workshop Gulf Stream Struc. Var., Univ. North Carolina, pp.
63-68, 19382,

Bane, J.M.: Inital  Observations of the Subsurface Structure and  Short-Term
Variability of the Scaward Deflection of the Gulf Strecam  off Charleston, South
Carolina. J. Geophys. Res., 88(C8), pp. 4673-4684, 1983,

Brooks, D.A.,, and IM. Banc: Gulf Surcam Meanders off North Carolina During Winter
and Summer 1979, J. Geophys. Res., 88(C8), pp. 4633-4650, 1983,

Hood, C.A. and J.M. Banc: Subsurfacec Energctics of the Gulf Strcam Cyclonic Frontal

Zone ofi Onslow Bay, North Carolina. J. Geophys. Res., 88(C8), pp. 4651-4662, 1983,

Legecekis, R., and J.M. Bane: Comparison of the TIROS-N Satellite and Aircraf
Mcasurcments of Gulf Strecam Surface Temperatures.  J. Geophys. Res., 88(C8), pp.
4611-4616, 1983,

Bane, J.M., and W.K. Dcwar: Biomodality in the Gulf Stream? Gulf Stream Workshop
Proc., Univ. Rhode Island, pp. 11.116-11.126, 1985,

Bane, J.M., and D.R. Wats: Recent Current Mcasurements in the Gull Stream
Downstream from Cape Hattcras.  Gulf Stream Workshop Proc., Univ. Rhode Island, pp.
IL127-11. 134, 1985,

Chew, F., J.M. Bane, and D.A. Brooks: On Vcrtical Motion, Divergence and the Thermal
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Wind Balance in Cold-Dome Meanders: A Diagnostic Study. J. Geophys. Res, 90(C2
J173-3183, 1985,

p-

;.f Technical and Duata Reports
:E\ Bane, J.M., D.A. Brooks, K.R. Lorenson, and C.M. Scay:  The Gulf Stream Meanders
‘.i Experiment - AXBI1/PRT Duata Report, R/A/Birdseve Flights, 9-18 February, 1979, Univ.
l North Caroling Report No. CMS-80-2, 213 pp., 1980.
:{: Bune, J.M., D.A. Brooks, and MJ. lgnaszewski: The Gulf Sirecam Meanders Experiment -
. Hydrographic Data Report, RV Endeavor Cruises EN-040 and EN-045.  Texas A and M
Univ. Report No. 80-11-T, 170 pp., 1980.
.'if
::;. Brooks, D A, J.M. Bane, and MJ. Ignaszewski:  the Gulf Stream Meceanders Experiment -
-‘:: Hydrographic Data Rceport, RV Endeavor Cruises EN-031 and EN-037. Texas A and M
‘e Umiv. Report No. 80-1-T, 145 pp., 1980.
3
3
:} Brooks, D.A., J.M. Buane, R.L. Cohen, and P. Blankinship:  The Gulf Stream Mceunders
N Experiment - Current Mcter, Atmospheric and Sca Level Data Report, January o Muay,
1979, Mooring Period. Texas A and M Univ. Report No. 80-7-T, 264 pp., 1980,
: Luther, M.E., and J.M. Banc: Coastal-Trapped  and  Frontal-Trapped Waves in a
- Continuously Stratified Western Boundury  Current Univ. North Carolina Report No
CMS-80-1, 77 pp., 1980,
:'.: Bane, JM. and D.A. Brooks:  The Gull Stream Meceanders Experiment - AXBT/PRT Data
E‘: Report, R/A Seascan Flights, 21-29 November 19790 Univ. North Cuarolina Report No
CMS-81-1, 174 pp., 1981
.
:, Brooks, D.A, LM Bune, R.L. Cohen, and P. Blankinship: The Gull Stream Meanders
: Experiment - Current Meter, Ammospheric and  Sca Level Data Report,  August 1o
;.' November, 1979, Mooring Period. Texas A and M Univ Report Noo 81-3-T, 183 pp., 1981,
-
v
_‘.'.: Notes and Published Abstracts
:E Bane, J.M., and D.A. Brooks: Three Dimensional, Mesoscale Characteristics of the
- Temperature Ficld in the Gualf Stream Frontal Zone South of Cape Hatteras.  Trany
Amer. Geophys Un . 60(40), p. 859 (abstract). Paper presented at the AGU Fall Annual
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:;:: Mecting, Deceniber 6, 1979,
) Brooks, D A, and J.M. Banc:  Gulf Stream Meanders and Low Frequency Currents over
P . . . . . - . "
o< the Continental Stope oft Onslow Bay, NC. Trans. Amer. Geophys. Un., 60(40), p. 859
o (abstracty.  Paper presented at the AGU Fall Annual Mecting, December 6, 1979,

n"'.

! Luther, M E., JM. Bane, and D.A. Brooks: Rotary Spectra of Gulf Stream Mceanders over
."‘ ~ . ~ . . - - '

N the Continental Slope off Onstow Bay, North Caroina. Trans. Amer. Geophs Un, 61, p.
e . : .

) 261 (abstract).  Paper presented at the AGU Spring Meceting, Toronto, May, 1980,

L)

Ve

Bune, J.M., D.A. Brooks, and K.R. Lorenson:  Synoptic Observations of the Three-

] Dimensional  Structure, Propagation and Evolution of Gultf Strcam  Mcanders along  the
-'.: Cuarolina continental Muargin,  Bull. Amer. Mcteor. Soc., 61 (abstract).  Paper presented
‘.;-

at the Third Conference on Atmospheric and Occanic Waves and Stability, San Dicgo,

January 19, 1981,

o'

Bane, J.M., and R.V. Legeckis:  Comparison of Aircraft and TIROS-N Sarellite Thermaul
. . . ; 5
. Infrared Measurements of the Gulf Stcam.  Trany. Amer. Geophys. Un., 02, p. 295
'\‘ tabstracty. Paper presented at the AGU Spring Mceating, Bahiimore, May 26, 1981,

14

Scay, CM., and J.M. Banc:  On the Usefulness of Remotely Sensed Sca Surfuce Temper-

s ature Patterns as Indicators of Subsurfuce Mcanders in the Gulf Strcam.  Trans. Amer.
D) Geophys Un, 602, p. 302 (abstract). Paper presented at the AGU  Spring  Mecting,
N Baltimore, May 27, 1981,
\-_'
S
. Hood, C.A., and J.M. Bane:  Subsurface Encrgetics of the Gulf Stream Cyclonic Frontal
e -
Y Zone ofl Onslow Bay, North Carolina.  Trans. Amer. Geophys. Un., 02, p. 926 (abstracty.
B Paper prosented at the AGU Fall Annual Mecting, San Francisco, December 3, 1981,
b -
oy Brooks, D A, and J. M. Banc:  Gulf Stecam Mcanders off North Carolina: A Scasonal
-@, Comparison ol their Observed  Characteristics. Trans. Amer. Geophys. Un o 03, p. 362
o Cabstract).  Invited Paper presented at the AGU Spring Annual Mecting, Philadcelphia,
e June 4. 1982
-‘..
-“'-

Theveys
:.: Lorenson, Kuaren R Three-Dimensional, Mcesoscale Characteristics of the Gult Strcam
b
|'::-
®
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Thermal Frontal Zone South of Cape Hatteras. 1980, 181 pp.

Luther, Muark E.: Coastal-Trapped and  Frontal-Trapped Waves in a  Continuously
Stratified Western Boundary  Current. 1980, 77 pp.

Hood, Carroll A Subsurfuce Encrgetics of the Cyclonic Gulf Stream Fromal Zone off

Onslow Bay, North Carolina. 1981, 57 pp.

Scay, Cynthia M.: Characteristics of the  Gull Strecam Sea Surface Temperature Ficld

Between Savannah, Georgia and Cape Hatteras, North Carolina. 1981, 115 pp.
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C. An  Observational Study  of  Gulf  Stream  Deflection  and  Meander

Energeties atong the Continental Margin (Work began 1 Apnil 1us1)

Durting the period September 1981 through  April 1982, the Gult Stream Detlection and
Meander BEncrgenes Experiment (DAMEX) was conducted o the region of the Stcam's

scaward detlecnion, ottt Charleston South Carolina  at about 329 N Jatitude. Thes

axpeniment was designed  to study  the detlection process and s relationship to Gulf

Stteam vartabidiy. In this progect, we collected  data which suggest that the deflecnion
ot the Stream has a0 bimodal character,  und that the nature of the low  Trequencey
vartabihiny of the Stream an the region from the Chardeston bump o Cape Harteras
varics between  the two o states of deflection. In DAMEX papers, we  descnibe tiese
observutions (Bane  and  Dewar, 1987), discuss the encergetics of the Stream in this
regron (Dewar and Bane, 1985, and  analyze  the dynanucal  balances  and  verneal

velocities ain Gult Stream fluctuations (Osgood et oal, 1987,

DAMENX was composed  of three  observational components. 1) Current meters and
bottom pressure gauges were supported  on o oseven moorings for the seven-month-long
DANMENX pertod, which began in September, 19510 (2) a CTD survey was muade in the
detfecton region during September, 19815 and (33 tour AXBT surveys were conducted
along ane Gult Strcam anoan area which encompassed the deflecnion region in March,
TON2 The seven anstrument moornmgs comprised  the central DAMEX  component,  and
they  were prouped o two smaller three-moonmy  arrays and one single mooning
thrgure 3w The southernmost array, B ocontamed  three moorings with two  current
meters cach, and  was locared about 90 kmt southwest tupstream) of the bump The
center array . Fooalso consisted of three moonngs with two  current meters cach, and
was Jocated  roughly 90 kme northeast cdownstream) of the bump Bottom pressure
ganzes were mounted onotwo of the Fomoonngs A single moonmyg, Goowith wo current
meters was postoned oft Onslow Bay. Arrays Eoand Fowere moored in awreas wlhieh had
ol previoushy  heen sampled, wihnle the G moonng was placed at g sie studied cariier,

dunmg dhe 1979 moonng penod see Scanon BLoaboved

The three moonmgs mocach of the Eoand Foarmays were placed moan 10 Contraraton,

with one mooring on the 300 m asobath and two on the SN0 g sobath Tn cach iy

the shadlow  moonmg was wdentificd  as the 1 moonme the one directy doansboeg
b

frome this s the 2" moonne, and the one alongslope 1o the north or e cag s

Yomoonmy The top dhottonn current meter at cadh moatiner, ol o W Tt

asas - 2 Sun fen g aom s Sas ien Sen Ak S el Ak Shd ik Sl - Bl el i dd ‘0 A IRl b o g SIS
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state tooa strongely dotlected stare e med October, and then back 1o a0 weakly detledred
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at a nominal depth of 210 m (270 m). Each instrument is referred 1o by a4 unigque name
which denotes its array, mooring and instrument location.  For example, EIT (E1B) i

the current meter at the top (bottom) position on the El mooring.

The current meters measured  horizontal  velocity, temperature  and  conductuivity  at
30-minute ntervals from the middle of September, 1981 1o the middle o April, 1982,
The data were low pass filtered 1o remove tides and internal waves by using a modificd
Lanczos filter with g quarter-power point at forty hours. The resulting forty hour low
passed (40 HRLP) time sceries averaged 200 days in length and had an o effectve
samphing interval of six hours. This processing follows that of our carhier study (o f
Brooks ¢t al, 1981, A full  documentation of all DAMEX mooring data and processing

technigues is given in Bane and Dewar (1983).

Fluctuations  of the Gult Stream changed in character twice during the  seven-month
DAMEX mooring period. The oscillations observed at cach current meter mooring were
predominantly in the 4- o 8-day period band prior 10 November and  after Junuury,
while during the November-through-Januury interval  they were of distinctly  lower
frequency,  with periods ranging approximately  from 14 to 20 days. These chunges
were most noticeable at Array F (Figure Sb), although they are obvious at the other
locations as welll Our analysis indicates  that these dramatic changes were associated
with differences in the degree of deflection of the Gult Stream  at the  Churleston

bump.

We o will reter to the configuration of the Gullf Stream prior 1o mid-October and atier
January as the "weakly  deflected”  state, and to its configuration  during  the
mud-October-through-January  period as  the  “strongly deflected”  state. Two o satellice
mmages ol the sea surface temperature (SST) ficld taken during DAMEX show the two
detlection stutes quite nicely (Figure 6). They are the AVHRR images for 3 Decembae
Tost and 2 Muarch 1982, which are typical of the strongly and weakly deflected stares,
tospectively. The primary  difference between  the images s the oftshore posiion ol
the man body of the Gult Stream just downstream of  the  Charleston bump. In the
weakly detlected  state, the Stream's shoreward  SST front s everywhere shoreward ol
the  H00  m cwbath upstream of  Cape Hatteras. In the strongly  deflecred state thic
shorewand SST front cand thus the entire width of the Gulf Streamy s scawarnd of e

AOO - m contour by oat least SO ke for that porton of its path just downsticam ol the

bump  Woe have found this 1o be a good “rule of thumb™ namely, if the Gull Strean's
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shoreward SST front in the first several tens of kilometers just downstream  of the
Charleston bump iy scaward of the 600 m isobath, then we consider the Stream to be in
i its strongly  detlected  state.
e There s a noticeable  difterence in the Strcam’s meander patterns between  the  two
::f' states of detlection. Downstream of  the bump, several of the typical meander/frontal
‘) cddy  patterns and  their associated  warm filaments  occur in the weakly  deflected
:':-f. cxample of 2 March. In contrast, the path of the Stream in that region in the strongly
:::: deflected case of 3 December iy a rather smooth arc. The Stream leaves the detlection
S
:' regron lowing castward  well past the 600 m isobath, and then it turns  gradually
northward towards  Cape  Hatteras. Earlier  observations  of  the  flow  over the
.\ continental  shelf and upper slope in this region have shown that there is a
4‘_‘-'_'.“ quasi-stationary, cyclonic  circulation  pattern  (the so-called "Charleston  Gyre")
-l_;'i positioned  shoreward  of the Gulf  Stream's arcuate path in this state. We  found
meander-like  fluctuations 1o occur in the Charleston to Cape Hauteras region during
»'_:j period of strong deflection in DAMEX. Such mecanders of the Gulf Stream jet have
Lateral amplitudes  greater and  phase  speeds slower than do the more commonly
:::-'_ observed  meander/frontal eddy  patterns. Data  presented  below  show  this meander
{ : motion to result noa quite convoluted, sometimes "sawtooth” pattern in the Gulf
':-: Stream’s path, resulting in very strong  anticyclonic flow around cach meander crest.
:;:.; To distinguish this type of meander motion from the meander/frontal cddy motions
NN which occur when the Stream is only weakly deflected, we will refer 1o the larger
':) amplitude meanders observed during the strongly deflected period of this study as the
:: DAMEX meanders,
L
D
.;j The record-long meuan velocity vectors show the effect of the scaward detlection at
.- the Fomoorings (Figure Sa). Relatively low mean velocities occurred there, and  were
. due to the shift of the Strcam away from Array F o during the strongly deflected  state.
This greatly reduced the mean downstream speed  there for the mid-October through
Jaruary period. Because these moorings were sometimes in, and somctimes out of the
Stream, the essentially castward means wt FIT and F2B may not be reliable indicators

S of the donger term mean path of the main Stream in this arca. For comparison, the
.. mean  path of the shoreward SST front as indicated by Buanc and Brooks (1979) iy
- oriented near 0609 True there. The Array Fomcean velocities are more suggestive of the

ayclome flow around the southern edge of the Charleston Gyre.
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Results from  this project were published as follows:

P Journal  Articles
K Bune, J.M., and ML Sessions: A Field Performance Test of the Sippican Deep Aircrall-
. Depolyed  Expendable Bathythermograph,  J. Geophys. Res., 89(C3), pp. 3615-3621, 1Ys4,

Bance, JM., and W.K. Dewar: Biomodality in the Gulf Stream? Gulf Stream Workshop
Proc., Umv. Rhode Island, pp. 1L116-11.126, 1985,

Dewar, W.K., and J. M. Bane:  An Analysis of Gulf Stream Mean Flow Encrgetics off
Charleston, South  Curolina. Gulf Stream Workshop Proc., Univ. Rhode Island, pp.
H.256-11.273, 198S.

Dewar, WK, and J.M. Bune: The Subsurface Encrgetics of the Gulf Strcam ncar the
Charleston Bump.  J. Phys. Oceanogr., 15(12), pp. 1771-1789, 1985,

Banc, J. M., and W.K. Decwar: Gulf Stream Mcan Flow and Variability necar the
Charleston Bump.  J. Geophys. Res. (submitted).

Osgoad, K.E,. J.M. Bane and W.K. Dewar; Momentum Balances and Vertical Velocities in

Gulf Streum Mcanders.  J. Geophys. Res. (in press).

Technical and Data Reports
Bane, J. M A Field performance Test of the Sippican Aircraft-Deployed Expendable
Buathythermograph.  Univ. North Carolina Report No. CMS-83-1, 85 pp, 1983.

Bune, 1M and W.K. Dewar: The Gulf Stream Deflection and  Mceander Energetics
Experiment - Current Meter and Bottom Pressure Gauge Duta Report for the September
1981 o Aprit 1982 Mooring Period.  Univ. North Cuarolina Report No. CMS-83-2, 481 pp,
1983,

Notes and Published Abstracts
Bane, J.M. and W.K. Dcewar: Gulf  Stream Mcan Flow  and  Variability near  the

Charleston Bump.  Trans. Amer. Geophvs, Un . 65, p. 931 (abstract). Paper presented ot

the AGU Fall Annual Mecting, San Francisco, December 3, 1984,
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. Dewar, W.K. and J.M. Bane:  The Subsrface Encrgetics of the Gulf Stream ncear the
B -.\‘ B

- Charleston Bump.  Trans. Amer. Geophys. Un., 05, p. 931 (abstract).  Paper presented at
-~
N the AGU Fall Annual Meceting, San Francisco, December 3, 1984,
i
n.‘:-:
",-_"-‘ Cordova, L. and J.M. Bane:  The Gulf Stream's Western Surfuce Temperature  Front
N . Lo .
o Between Cape Canaveral and Cape Hatteras, 1976-1978: Basic Swatistical and Principal
{ Component Analyses. 158 p. Trans. Amer. Geophys. Un., 66, p. 1284 (abstract).  Paper
'f-'.: presented at the AGU Occan Sciences mecting, New Orleans, Jan. 14, 1986.

U
0

‘ Osgood, K.E. and J.M. Banc: Vertical velocities and the Momentum Balance in the Gulf
.
Strcam. Trans. Amer. Geophys. Un., 66, p. 1277 (abstract). Paper presented at the AGU

.
N Ocean Scicnces mecting, New Orleans, Jan. 14, 1986.

o

'_-',:.‘ Theses

® Cordova, Lceonidas: The Gulf Stream's Western  Surface Temperature Front Between
=~ . .o L

N Cape Canaveral and Cape Hatteras, 1976-1978:  Basic Statistical and Principal Component
T Analyses. 1984, 158 pp.
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Osgood, Kenric E.: Vertical Velocitics and the Momentum Bualance in the Gulf Stream.
1986, 67 pp.
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D. Observations of the Current Structure and Energetics of  Gulf Stream

Fluctuations Downstream of Cape Hatteras  (Work began 1 Ocwober 1983

During 1984, an array of five current mceter/bottom  pressure gauge moornings and
twenty  iaverted echo  sounders (IES) was muaintained n the Gull Stream region
150-500 km northcast of Cape Hatteras, The mooring locations are shown i Figare 7.
The five current mcter mooring sites cach had four levels instrumented from SO0 m
below the surfuce to ncar the bottom.  An [ES with a bottom pressure gauge  was

located at the base of cach mooring.

This was an extremely successful field program.  We used a high performance design
for the current meter moorings, which allowed them 1o extend high into the strong
current., This was the first 3-dimensional array of current meters to span through
the muin thermocline and strong vertical shear in a region where the Gulf Stream
flows in deep water. To withstand the strong currents, cach mooring was constructed
with small diameter (3/16") jacketed wire to rcduce drag, and high floatation (ca.
+2000 Ibs. positive buoyancy).  These high performance, "stift” moorings survived a
onc-year deployment with little indication of adverse elfects. The tilung of the
moorings duc to currents was well within design  specifications for Aandceraa current
meters, and the amount of wvertical cxcursion was cven somecwhat lower than  the
design target.  We safely recovered all of the moorings and instruments, and achieved
a data return of 85% for velocity and 90% for temperature. The IESs were recovered in
both January and May 1985, with only onc instrument loss and onc data tape failurc
{(both from the sccond deployment period) for a data success rate of 95% on the
19-month-long combined records.  The failure of the clectrical circuitry controlling
one of the five bottom pressure gauges resulted in a data rcturn of only 80%. However
all the bottom temperature  sensors  functioned properly, yicelding a  100% data

recovery.

We oalso experienced a high level of success in our seven scheduled AXBT mapping
flights. Al but onc of these flights were made aboard a Naval Rescarch  Laboratory
-3, with the remaining one flown aboard a NOAA P-3. Over 100 AXBT's were deployed
per flight.

(1) 1he Current Meter Records.  The moored array was located in a region where Gulf

Stream mecanders are known to propagate and grow in the downstream dircction.  In
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_: Figure 7, solid circles on lines B and C denote current meter moorings.  Aanderia
‘:* current meters were placed at nominal depths of 500 m, 1000 m and 2000 m from the
: surfuce and 500 m from the bouom (D-500) on ecach mooring, and they recorded
’.i', current speed, current  direction, and temperature  at one-hour intervals.

" Figures 8a through 8d show the mean flow vectors at the four levels.  During much of
A 1984, the Stream  tlowed along a course which was north of its usual path. This
y condition resulted in our array being positioned within the anticyclonic side of the
3 Stream, as may be seen in the 500 m and 1000 m mean currents shown in Figures 8a
) and 8b.  The northernmost mooring (C1) was essentially at the Stream center during
. much of the deployment period. By contrast, the ncar-bottom currents (Figure 8d)
','j the 1two southern moorings show the presence of a deep southwestward mcean  flow,
Lr.

'-f counter to that of the surface Gulf Stream.

k-

! Times series of the forty hour low-pass (40 HRLP) filtered downstream speed  (u),

cross-stream  speed  (v), and temperature (T) measured by the four instruments on

)
.

r

mooring B2 are shown in  Figures 9a through 9d. Mooring B2 was the westemn-

-

most in the array, located ncar 35.6 N and 73.5 W. The depth of the top instrument ix

o~

also shown in the top panel in Figure Ya, to provide an indication of the mooring's

‘o performance (r.m.s. vertical excursions of about 60 m at the mcan depth of 440 m,
o excursion range from 350 to S5¥5 m).
.

Several aspects of the Gulf Stream environment during 1984 may be scen from  visual
" inspection ol the Figure 9 time scries.  The uppermost instrument on B2 wuas on the
L southern  fringes of the strong current during the first and last portions ol the
K- period, while from about yecar-day 120 to day 350 the Gulf Strecam had moved fur
¢ cnough sowmh that its high velocity core flowed through the arruy ncar mooring B2,
N A general decrcase in temperature was seen at all levels of B2 during this period,
N
p assoctated  with the southward, shifi throughout the water column, of the baroclinic
P a
ol . .
v temperature  field along  with the current.
1
\ Two strong events occurred near day 115 and day 265 in the B2-1 record.  Using

E y =
L velocity  and  temperature  signatures  at  this instrument, plus  delay times between
Y
N instruments  on  the other moorings, it was determined  that these  events  were
i cold-core, cyclonic cddies moving to the northeast.  Satellite data confirm  that the
1' Al . . . .
- cvents were  cold-core Gulf  Stream  rings  coalescing  with the main current and
"
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Figure 8. Onec-ycur-long mean velocities i the study area for instruments moored
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L oo e siocon actuatvnesy s may o beoseen ot the 2000 m Teved dlnstiunien

Lo s a T Those wre vaused By osalomicady swarling soboresoscale

ortoos  NCN L ey thireaygh the array Fachi of those eddios was aboa

. _— . ot andd b swl veioatios eveecdiny TR o e AL teast oo
' o NU A W csonved ey sy

W e oo o thie cold core nings, the Targest oand o most o cncrzetic setated el

e chscnvedt  was an anticsvddonically  rotatimg and-depth o wanm cbdy wihaoh

crccrossad mortheastwand through the array, Just on the Sargasso Sca side of the Guil

Sirean Phe ey eviended fromat Teast the 300 m fevel to e near-bottom anstrunmicut

Lon s anad was aboat 1200 kme e deameter. Ie et s signature i the B2 B3I C20 and OF

moeri anstruments near o year day 3450 Temperature and velocnty Tluctuations due o

this oddy mcs beoseen o the tme series in Figure 9 for several levels ot the B2

- moonting These tluctuations occurred  as the northern side of  the oddy, which was

closest toothe Galt Stream, passed over this moonmmg. There were no obseinved seu

sutlace  temperature characteristies discermible by satelhite, further andicatimyg that

. this enerzetic oddy was concentrated  below  the surface. Remuarkably, about two weeks

after this oddy had evied the array, the C3 mooring duta show that it reversed s

course  and owas aravelling southwestward  back  through the array  at the end of the

crperinent pertod. Phase speed was estimated to be about 15 km/day Jduring cach of

the eady s transits through the array arca. Duc o its position on the scaward side of

- the Stream, this oddy  was definitely not a warm core Gulf Stream rning. [ts origin

remans  unknown at this point in time.

The clear signature ol topographic Rossby  wuave motons may be scen an the B2-4 time

. SCTICN. These waves had dominant pertods near thirty  days  and  usually  had  the
: strongest flow along rather than across isobaths. They  were most energetic following
g the  coldcore rning passage of day 115 when the Gull Stream was  centered  near
mooring B2. The excellent spatial coverage of this array  has provided tor very nice

- fengith scale and propagation  determinations  for these  topographic Rossby  waves,
: Figure 10 shows  the  wvartance  cllipses for  the lower [frequency (penods longer
than 10 days) and higher frequency (4 1o 10 day periods) waves.  Also shown for cach

. frequency band is o phase propagation vector computed from one triplet ol curient

meters within the array.  Phase speeds were found o range from about 2 km/day tor
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¢ o day peniod waves 1o oncar 15 km/day for the 13-day pertod waves, values tha

ate consistent owith those tound further to the cast during carhier stadies,

A carteon summartizig these resulis and showing the vaneny  and compleviny ot the
notions observed with this array s given in Figare 1L This devel of vanabihiny and
farge number of different phenomena were not previously  expected o s repien
Fhie resulis also strongly  suggest thar encrgetic eddy/Stream imnteracuons, such as the
two o cold core ning/Gult Stream interactions that we  observed i TONS may play
Candamental role in inducing rupid changes in the Stream's path and vanabilay s and
that the citects ol such changes may last for o tume perntod much longer than tha
requited  lor the change wselt. These properties of the Gull Sircam environment poind
to the necessity of observing  the Gulf Stream and surrounding  waters with sufticient
spatial and remporal coverage i one wishes o guin o complete understanding of the

Sy Ntein.

120 Encrgetios of the Gulf Stream from this Current Meter Array. We have performed
an analysis of the Gulf Stream's energeties using  data {rom  the current mcter arruy
The cssenual result for the mid-level portion of the anti-cyclonic flank  of the Gulf
Stream Jet fabout 400 m depth) s that both barotropic and baroclinic encrgy transfers
occur from the meun tlow (o the fluctuations.  The barotropic mechanism is found 1o
be the dominunt one, consistent with carlier finding for 68W, but in contrast 1o
carlicr results for 73W. The low amount of barocline energy transfer in our array of
imited  cross-stream  extent  reflects  the low  density  fluctuations and mean  density
gradients  within the mid-level anti-cyclonic  shear zone due 1o the presence of
I8-degree water there (see Figure 8a).  Another way to view this is that the more
strongly  sloping isopycnals on the cyclonic side of the Stream  will support greater
haroclinic  energy  conversions  than the weak  baroclinity  within  the  18-degree water
on the anticyclonic side. Thus, our array mecasurements  favor the  barotropic

CONMYETSITONN,

Onc important aspect in the assessment of the Gulf Stream's encrgeties and  dynamices
from current meter data in this fashion s the crror in estimating cach of the terms in
the pertinent balances. The three sources of crror arc (i) measurement crror due (o
the accuracy  and  positioning  of the instruments, (i) finite  differencing crror that
arises  when  estimating gradients from  Eulerian time  series, and (1) the  statistical

crror of ostimate of any quantity.  The cncergetics analysis from this array has poinied
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Figure 11. A cartoon summarizing the varicty of motions observed by the 1984 Gulf
Stream array. The Gulf Stream jet occupied the upper 1000 m, and a deep western
boundary undercurrent flow was scen over the 4000 m isobath. The dominant
mesoscale cddy types were cold-core Gulf Stream rings, two of which coalesced with
the Stream in the array arca, and one anticyclonically rotating mid-depth warm eddy

which moved through the array twice. Numerous submesoscale coherent vortices
(mid-depth eddy near B2 in this cartoon) passed through the array. Both cyclonically
and anticyclonically swirling submesoscale vortices were scen. Deep topographic

Rossby wave motions occupied the lower waters, from about the base of the
permanent thermocline to the bottom.  Waves with periods ranging from 4-days to at
least 60-days were detected, with the 30-day waves having generally the greatest
cnergy density.  This summary illustrates the complexity and diversity of the motions
in the region of this array.
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onve agan o the fact that the largest contributor to the total error s the statsticul
crror ol estimate. With one vear of data, we have been able to compute energy  tlus

terms thut are usually  significantly  different from  zere, although this is not true tor

all e largest terms. Even the ones that are significant sometimes barcly coxceed the
statstical cerror level.  This s due entirely to the length of the data sets. We know

from our spevtral calculations  (and simple visual inspecton of the time  sceries)  (hat
there are long period motions occurring in the Gulf Stream system. We must collect
Jata sets ol sulticient duration to observe a representative sample of  these motions it

their encrgenes and  dynamies are 1o be understood.

Results trom this project are  still under analysis at the  writing  of  this  report.

Preliminary  resalts have been published as follows:

Journal Articles
Bane, J.M., and DR, Waus: Recent Current Meceasurements in the Gulf Strcam
Downstream from Cape Hatteras.  Gulf Stream Workshop Proc., Univ. Rhode Istand, pp.

[L127-110 134,

Pickart, RS, DR Wants, and J.M. Bune:  Labrador Sea Water and the Gulf Stream at Cupe

Hatteras: Results from a Moored Experiment. Jo Geophys. Kes. (submitted).

Technical and Data Reports
Bane, JAM, D.R. Waus, LM, O'Keefe and R.S. Ault The Gulf Stream  Dynamics
Experiment - Current Meter Data Report for the January 1984 1o January 1985 Mooring

Period. Univ. North Carolina Report No. CMS-87-3, 1987 (in preparation).

Notes and  Published Abstracts
Bunc, J.M and D.R. Wauts: The  Gulf Strecam Downstream from Cape Hateras: The
Current and Iis Events During 1984, Trans. Amer. Geophys. Un., 66, p. 1276 (abstract).

Paper presented at the AGU Occan Scicnces meeting, New Orleans, Jan. 14, 1986,

Watts, DR and LML Bane: Muapping Gult® Stream Meanders: Objective Analyses from an

IES Array Tompared with AXBT and XBT Surveys, Trany Amer Geophys Un 60, po 1277
fabstract).  Paper presented at the AGU Ocean Sciences meeting, New Orleans, Jun. 14,
JON6G,
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Thesey

Blanton, Sankey L.o Vertical Velocities in the Deep Gull Strcam (In progressh

O'Keele, Anticyclonic Mesoscale Eddy  near the Deep

Stream  (in

Lucy M An

Encrgetic,

Progress).

Schultz. John R Topographic Rossby Waves Beneath the Deep Gull Stream

Pragress).
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